Abstract. A self-assembled polytetrafluoroethylene (PTFE) nanostructure is deposited on microcrystalline diamond (MCD) films, by use of physical and chemical vapor deposition in a two-step process, to produce (fully) superhydrophobic surfaces: high water contact angle (static, 165 AE 2 deg), very low hysteresis (dynamic, ∼4 deg), and associated sliding angle (1 deg 5 0 AE 15 0 ), thus combining the diamond infrared transparency and self-cleaning properties. These are interpreted in light of Wenzel and Cassie-Baxter wetting models, associated with structural microscopy of nano-micro rough PTFE/MCD surfaces, and present a promising perspective for self-cleaning infrared optics applications.
Introduction
Besides its extremely high hardness, wear resistance, and thermal conductance, as well as chemical inertness and biocompatibility, diamond presents a broad transmission spectrum (300 nm to 2.5 μm and 7 μm to >25 μm), which makes possible optical applications in electro-optics devices, medical instrumentation, radiation detectors, transmission windows, and domes. [1] [2] [3] [4] In natural bulk form, after polishing, its water contact angle (WCA), measured with a tensiometric technique, presented a slight dependence on the crystallographic planes (110) and (111), with advancing WCAs of 71 and 76 deg, respectively, and with a large angular hysteresis (H) of 47 deg (by comparison with their corresponding receding WCAs). 5 This means that it is hydrophilic (WCA < 90 deg) and that a water drop does not move easily on its surface (H > 10 deg).
In hydrogenated amorphous carbon films that were fluorinated, a-C:H:F, an opposite tendency was observed between the WCA and the friction coefficient, measured by atomic force microscopy (AFM). 6 Further incorporation of N in a-C:H:F films, motivated by the perspective of obtaining mechanical properties comparable with those of crystalline diamond, showed the same direct correlation between the friction coefficient and the WCA, in the range of 56 to 84 deg. 7 Sanchez et al. attributed these friction results to the kinetics of nucleation of the water meniscus between the moving parts; as surface hydrophobicity was increased, the water vapor condensation for the nanoscale friction process became less important. This indicates that highly hydrophobic diamond-like carbon (DLC) films are desirable for very low-friction coefficients. As an application, DLC or fluorinated DLC coating produced significant lubrication improvement (by approximately 30%) in intravascular guidewires. 8 On fluorine-and aluminum-doped DLC coatings, over surface topographies generated by laser-structuring and electroplating, Schulz et al. 9 obtained WCAs greater than 150 deg (static superhydrophobicity; hysteresis was not reported). Ostrovskaya et al. 10 Recently, Wang et al. 13 produced DLC films with WCAs up to 160 deg. Although smaller than the one mentioned above, the associated hysteresis of 11 deg is still significant, i.e., superhydrophobicity was attained in the static sense only. Moreover fabrication involved several steps: templating with a lotus leaf, replication with a polydimethylsiloxane film, Au deposition by sputtering, electrodeposition of a metallic layer, peeling off, DLC film deposition, and finally the surface was modified by perfluoropolyether adsorption.
In this first report, we dramatically reduce the number of processing steps by direct use of the as-deposited MCD films topology, followed by a self-assembled polytetrafluoroethylene (PTFE) coating nanostructure only, to produce superhydrophobic surfaces with very low hysteresis. This, combined with the diamond transmittance window in the infrared-where wavelengths are much larger than the rough surface structures involved, and thus light scattering is much smaller than otherwise, as previously reported 14 -allows for diamond-based, optical components for infrared transmission systems that are also self-cleaning.
Experimental
Diamond films were grown in a microwave-assisted chemical vapor deposition (CVD) reactor (MWCVD) ASTEX AX5400 (2.45 GHz). The substrates of partially stabilized zirconia, as described in a previous work, 15 2 mm thick and with a diameter of 26 mm, were previously polished with diamond paste of 2 to 4 μm grain size. A gas mixture composed of 94% H 2 and 6% CH 4 was used, and subjected to a total pressure of 70 Torr. The microwave power was 2.5 kW, and the substrate temperature was in the range of 700°C to 800°C. Since the diamond films, with thickness around 20 μm, did not adhere to the zirconia substrate (mechanisms involved are described in Ref. 15 ), both of their top (rough) and bottom (microsmooth) surfaces were available for contact angle measurements.
As in previous works, 14, 16 the PTFE layer, with thickness around 120 nm, was deposited by thermal physical vapor deposition at a base pressure of 2 × 10 −6 Torr. A quartz microbalance monitor was used for thickness control.
WCAs were measured using the sessile drop method by deposition of 4 to 6 μL droplets of deionized water on horizontal sample surfaces. The droplets were observed directly in crosssection with an Olympus BX-41 microscope objective lens, whereas their images were digitally captured using a 1.4-megapixel computer-controlled digital charge coupled device camera. The contact angle values were determined as averages of more than 20 measurements, performed in different areas of each sample surface. The sliding angle measurements were adjusted using a mechanical level goniometer. To determine hysteresis, advancing and receding contact angles were measured on both sides of the droplet, and in at least three different locations for each sample.
Film micro-and nanostructures were characterized by x-ray diffraction, scanning electron microscopy (SEM, EVO from Carl Zeiss), and AFM (Nanoscope IIIa from Digital Instruments, in tapping mode).
Results and Discussion
Surface topologies of the MCD film and of the self-assembled PTFE coating nanostructure are shown in Fig. 1 .
Whereas the microsmooth side of the MCD film reproduces the substrate surface topography, including residual polishing scratches and grain boundary contours, the microroughness of the other side, shown in Fig. 1 , is defined by the geometry of the diamond grains, whose size is in the range of 1 to 8 μm. Their x-ray diffraction analysis produced well-defined and narrow diffraction peaks, as seen in Fig. 2 and corresponding to the data shown in Table 1 , with mostly (111) crystalline orientation.
Resulting WCAs (apparent, advancing, and receding) are illustrated in Fig. 3 . From the advancing and receding angles, hysteresis (H) of the final PTFE/MCD film was around 4 deg (H < 10 deg, as required for dynamic superhydrophobicity).
The corresponding sliding angle, in which the water drop was in the imminence of displacement, was 1 deg 5 0 AE 15 0 (uncertainty due to the horizontal line positioning; that of the goniometer reading was AE1 0 ). Besides the final WCAs, intermediary values for both rough and microsmooth faces are shown in Table 2 .
The apparent WCA for the MCD rough surface, θ d can be interpreted in terms of the CassieBaxter model, in which the water drop has interfaces with the topology of the solid surface as well as with its trapped air, by taking into account the liquid-solid surface area (SA) fraction, f s , and the liquid-air SA fraction, f a , through the relation
where θ y is Young's angle (i.e., the apparent contact angle on a perfectly smooth plane). Since this angle is approximately the WCA measured on the MCD surface that was facing the zirconia substrate during film deposition, listed in Table 2 as MCD microsmooth surface, f s ¼ 78.55% and f a ¼ 21.45% are good estimates, making evidence of the rough MCD topology contribution through air trapping. However, the Wenzel model is more appropriate for the PTFE overlayer, since it is completely immersed in water due to its thinness, and thus the rough surface WCA, θ r , is such that
where θ o is the MCD microsmooth surface WCA, also listed in Table 1 . The roughness factor r ¼ 1.85 follows. Furthermore, the solid that interfaces with water, instead of the MCD in the previous case, now becomes the PTFE overlayer with a much lower surface energy along the SA, which is increased by 85% through the nanoroughness estimated above. These are the chemical and physical reasons for the WCA enhancement promoted by the PTFE on the MCD rough surface, and the same applies for the PTFE-driven hydrophobicity improvement of the microsmooth surface. In addition, the PTFE/MCD nano-micro rough surface, to this date and to our best knowledge, provided the lowest reported hysteresis value of ∼4 deg, which accounts for the dynamic aspect of superhydrophobicity, for a diamond or diamond-like carbon film.
Combination of the resulting superhydrophobicity with the well-known diamond transparency window in the infrared (above 7 μm), whereas the PTFE overlayer with nanometric thickness and roughness presents very low transmission loss, allows application for several self-cleaning optical components, such as windows for CO 2 lasers, night vision cameras, infrared detectors, as well as for portable equipment, such as infrared spectrophotometers, used in the field for analysis of environmental contaminants.
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